Introduction
Ion-selective sensors based on plasticized PVC membranes were successfully applied to the determination of many cations in various industrial, environmental and biochemical samples. [1] [2] [3] However, a few sensors were reported for the determination of Ca(II) ions; the interferences from alkali and alkaline earth's metal ions are common disadvantages for many of these sensors. [4] [5] [6] [7] Lipophilic N,N′-dicyclohexylmalonamide 8 was evaluated as a Ca(II) ionophore and used to measure the hardness of water. A determination of total calcium in serum was carried out using a plasticized PVC membrane incorporating N,N,N′,N′-tetracyclohexyl-3,6-dioxaoctane-1-8-diamide, 9 and interferences were observed from Li(I), Na(I), K(I), Mg(II) and Zn(II). A highly adhesive silicon rubber matrix was used to formulate Ca(II)-selective sensors incorporating N,N,N′,N′-tetracyclohexyl-3-oxapentanediamine or
N,N′-[(4R,5R)-4,5-dimethyl-1,8-dioxo-3,6-dioxaoctamethylene]bis(12-methylaminodedecanoate)
. 10 A calcium ion-elective sensor based on calix [4] arene tetraphosphine oxide 11 was evaluated; moderate selectivity against common interferences was observed. The application of conducting polymers (polypyrol-calcion) for constructing potentiometric indicator electrodes selective towards calcium ions are presented; their practical applicability in titrations has been demonstrated. 12 Ceresa et al. evaluated calcium-selective electrodes based on the ionophore N,N-dicyclohexyl-N′,N′-dioctadecyl-3-oxapentanediamide 13 (ETH 5234) , that either respond to the total or free ion concentrations. Recently, the selectivity and sensitivity of Ca(II)-selective electrodes (ISEs) based on membranes with phosphoryl-containing ionophores and lipophilic anion exchangers were studied. 14 Metalloporphrins appeared as a promising class of ionophores for potentiometric sensors. [15] [16] [17] Bilirubin is a porphyrin derivative in which hydrogens are substituted by four methyl groups: two propionic acid (-CH2-CH2-COOH) groups and two vinyl radicals ( Fig. 1(a) ).
The present work describes for the first time the use of bilirubin as a neutral carrier in the construction PVC-based membrane sensors for the selective and sensitive potentiometric determination of Ca(II) ions and its application to some pharmaceutical formulations, baby-food products and human plasma. The effects of various variables were thoroughly optimized to confer the desired potentiometric characteristics to the developed sensors, which showed excellent sensor-to-sensor reproducibility, high selectivity and sensitivity, improved potential stability and a long lifetime. Poly(vinyl chloride) membrane sensors for Ca(II) ions were constructed based on bilirubin (1,3,6,7-tetramethyl-4,5-dicarboxyethy-2,8-divinyl-[b-13]-dihydrobilenone) as a neutral carrier in the presence of various plasticizers (onitrophenyloctyl ether, dioctyl phethalate and dibutyl sebacate), which were used as solvent mediators to incorporate the carrier into the membranes. The role of plasticizers as a medium of complexation was demonstrated. The influences of an anionic excluder, the pH and foreign ions were investigated. The selectivity coefficients were measured by a separate solution method. Among the plasticizers used, o-nitrophenyloctyl ether gave the best selectivity in the presence of large concentrations of alkali and alkaline earth's metal ions. Using sensor number I, a linear calibration graph with a good Nernstian slope of 29.5 ± 0.8 mV was obtained for Ca(II) concentrations of 5 × 10 -7 -10 -2 mol l -1 with a detection limit of 3 × 10 -7 mol l -1 (12 ppb). The sensor can be used for more than 3 months with good reproducibility and a fast response time of 10 s. The developed sensor has been successfully applied to the analysis of some pharmaceutical formulations, baby-food products and human plasma. Moreover, it can be used as an indicator sensor in the potentiometric titration of Ca(II) with EDTA. 
Experimental

Reagents
Bilirubin was obtained from Sigma Chemical Co. (St. Louis, MO). A high relative molecular weight poly(vinyl chloride) (PVC) was obtained from Aldrich (Milwaukee, WI, USA). The plasticizers (o-nitrophenyloctyl ether (o-NPOE), dioctyl phethalate (DOP), and dibutyl sebacate (DBS)) and the anionic excluder potassium tetrakis (4-chlorophenyl) borate (KTClPB) were purchased from Fluka (Buchs, Switzerland). All other chemicals were of analytical grade quality.
Tetrahydrofuran (THF) was used for dissolving the membrane components and doubly distilled water was used to prepare all solutions.
A stock 10 -1 mol l -1 solution of Ca(II) was prepared by dissolving CaCl2·2H2O in water and standardized by EDTA titration. The working solutions were prepared by appropriate dilution.
A buffer solution of pH 8.3 was prepared by adjusting the pH of 200 ml triethylamine (∼3 mol l -1 ) using HCl, and diluting with water in a 500 ml volumetric flask.
Apparatus
All potentiometric measurements were carried out with a pH millivoltmeter (Orion Model 720) at 25 ± 1˚C using the developed bilirubin membrane sensors and a double-junction Ag-AgCl reference electrode (Orion Model 90-02) containing (10% w/v) KNO3 in the outer compartment. A combination Ross glass pH electrode (Orion Model 81-02) was used for all pH measurements.
The reproducibility was defined as the deviation from the average potential value in the same five "dip-to-read" measurements.
The potential values were recorded when the readings of the ion analyzer became stable, and the response time was taken as the time required to reach 90% of the stable potential difference value.
Prior to an analysis of real sample solutions, the pH was brought to about 8.3 with NH4OH or HNO3 solutions. However, the pH of the measured solutions was adjusted using a triethylamine buffer solution.
Constructions of Ca-bilirubin membrane sensors
Plasticized PVC membrane sensors were prepared using different plasticizers in the presence of an anion excluder [KTClPB] according to a previously established procedure. 18, 19 The membrane's composition was basically 2 wt% ionophore (bilirubin), 32 wt% PVC and 66 wt% solvent mediator (o-NPOE(I), DBS(II) or DOP(III)), in which 10 wt% of KTClPB with respect to the ionophore present was incorporated in the construction of membranes (IV) and (V), which also contained the same components as membranes II and III, respectively. These materials were thoroughly mixed in a 5-cm diameter dish and dissolved in 5 ml of dry freshly distilled THF. The solvent evaporated slowly and the cocktail was left overnight to reach complete dryness. Transparent membranes of approximately 0.1 mm thickness were obtained.
The sensors were constructed as described previously 18, 19 and filled with an equal volume of 10 -2 mol l -1 KCl and 10 -2 mol l -1
CaCl2 solutions. The sensors were conditioned before use by soaking overnight in a 10 -2 mol l -1 CaCl2 solution at pH 8.3 (using triethylamine buffer) and stored in the same solution when not in use. After conditioning, the color of the membranes changed from orange to dark red-brown.
Determination of calcium in some baby-food products
A dry ashing method 22 was used to prepare the samples for calcium determinations. A silica crucible was cleaned with concentrated HNO3 and water by boiling at 400˚C until smoke no longer evolved. A 1.00 g sample was transferred into a cooled crucible, moistened with a few drops of concentrated H2SO4 and heated until the SO3 fumes ceased. The crucible was introduced into a muffle furnace up to 500 -600˚C for 2 -3 h until the weights of the contents became constant. The ash was leached by two 5 ml portions of 0.1 mol l -1 HCl, and the volume was diluted to 50 ml in a volumetric flask. These solutions were stored in brown bottles and used directly for an AAS analysis and by the proposed method. Blank runs were also carried out and corrections were made when required.
Determination of calcium in some pharmaceutical formulations and human plasma
Direct potentiometric 23 determinations of the calcium concentration in various pharmaceutical products and in samples of human plasma, obtained from healthy targets, were evaluated using sensor I.
Results and Discussion
The Ca(II)-bilirubinate complex was previously 24, 25 prepared at pH 8.3, and was proved to have a polymeric structure analogous to those of metalloporphyrins, in which four nitrogen atoms of bilirubin surround a Ca(II) ion in a quasi-square planer arrangement, Fig. 1 (b) .
24,25
Effect of the pH
The effect of the pH on the potentials of the developed sensors were tested over the pH range 2 -10 for 1 × 10 -5 -1 × 10 -2 mol l -1 Ca(II) using nitric acid and an ammonia solution. The potentials were found to be constant over the pH range 3.2 to 9.1. Above and below these pH values, gradual changes in the potential were observed, and were attributed to the reaction of excess H + /OH -ions in the medium with bilirubin and/or Ca(II) ions, resulting in a dissociation of the Ca(II)-bilirubinate complex. However, triethylamine-HCl buffer having a pH of 8.3 was adopted in the recommended procedure to furnish the best conditions for the formation of the desired Ca-bilirubinate complex.
24,25
Effect of the membrane medium and the response time
The potentiometric responses of ion-selective sensors based on neutral carrier ionophores are known to depend not only on the nature of the ionophore, but also significantly on the composition, nature and amount of plasticizer and the amount of anionic excluders. 26, 27 This may be the result of the optimized conditions in the balance between lipophilicity and polarizability environments, which may result in the highest degree of complexation between the metal ion and the ionophore. The stability of the carried complexes in membranes results from the electrostatic interaction between the complexes and the surrounding membrane solvents, since the nature of the plasticizer influences the dielectric constant and the state of the ligand. 28, 29 The effects of solvent mediators on the characteristics of the developed sensors are given in Table 1 and Fig. 2 . Among the three plasticizers examined, the responses of electrodes II and III containing both DBS (ε = 4) and DOP (ε = 8) are not well defined, showing only slopes of 24.4 ± 0.6 mV and 4.8 ± 0.2 mV, respectively whereas, membrane I based on o-NPOE (ε = 25) provided a good Nernstain slope of 29.5 ± 0.8 mV, a wider dynamic concentration range of 5 × 10 -7 to 1 × 10 -2 mol l -1 , a lower detection limit of 3 × 10 -7 mol l -1 (12 ppb) and a faster response time of 10 s.
Sensors I and IV based on o-NPOE and DBS solvent mediators achieved equilibrium responses within 10 -20 s over the whole 1 × 10 -7 -1 × 10 -2 mol l -1 concentration range. The observed potentials were constants for more than 5 min, after which a slow divergence was observed. The average standard deviation of five replicate measurements of 1 × 10 -7 -1 × 10 -2 mol l -1 CaCl2 was ±0.3 mV. The sensors could be used over a period of 3 months without any significant change in the potential. Whenever a drift in potential was observed, the membranes were re-conditioned with a 10 -2 mol l -1 Ca(II) solution for 2 -3 days.
Effect of the anionic excluder
The incorporation of lipophilic additives can significantly influence the performance characteristics of plasticized PVC membrane sensors. 30, 31 These additives are used to lower the plasticized PVC membrane bulk resistance, to reduce interferences by lipophilic anions in the sample, resulting in significant changes in the selectivity, and to enhance the cation sensitivity in the case of carriers with poor extraction capacity. The effect of the amount of KTClPB, as the anionic additives, on the response characteristics of the developed sensors was examined. The best response was observed in the presence of 10 wt% anionic KTClPB with respect to the total ionophore in the membrane. Thus, membranes IV and V were prepared containing all of the components of membranes II and III in the presence of the optimum amount of KTClPB. Measurements of the response characteristics of the new membranes showed that the addition of KTClPB was most beneficial for sensor IV, leading to a drastic change in the slope (24.4 ± 0.6 to 28.9 ± 0.5 mV) and improved the working concentration range. However this addition did not significantly improve the working concentration range and the slope of sensor V, which is of poor sensitivity towards Ca(II) ( Table 1 and Fig. 3 ).
Selectivity
The most important characteristics of a membrane sensor is its response for the primary ion in the presence of other cations or anions. This is measured in terms of the potentiometric selectivity coefficients (K Pot Ca(II), B ), which has been evaluated by a separate solution method. 20 The results for sensors I and IV are 363 ANALYTICAL SCIENCES MARCH 2003, VOL. 19 given in Table 2 . The two used sensors are selective to Ca(II) over other cations. The common ions of alkali, alkaline earth and transition metals did not cause any significant interference, even at a high concentration of 10 -2 mol l -1 . A comparison of the potentiomertic selectivity (Table 2) showed that sensor I was more selective for Ca(II) than sensor IV. This may be explained on the basis that portioning of cations to the membrane should affect the selectivity of the sensor, which depends on the polarity and solubility of the plasticizer. Thus, o-NPOE having a higher polarity and a lower solubility in water than the other plasticizers increased the selectivity of sensor I, and emphasized that o-NPOE was the best plasticizer for the developed sensors.
On the other hand, the response of sensor I was not affected by the presence of 0.1 mol l -1 concentrations of NH4Cl or NH4NO3. Therefore, it was safe to leach the ashed samples by HCl and to neutralize the liquor by NH4OH.
Moreover, a critical investigation of the selectivity of the sensors towards sodium, potassium and magnesium ions was performed. A test sample containing interfering ions similar to the upper normal ion concentration level of human extracellular fluids, 21 which incorporate 165, 5 and 1 mmol l -1 of Na(I), K(I) and Mg(II), respectively, was investigated. The response of sensor I to increasing the concentration of Ca(II) (1 × 10 -7 -1 × 10 -2 mol l -1 ) in the presence and absence of the prepared solution was recorded (Fig. 4) . The results indicate that the response was essentially unaltered over the studied concentration ranges.
Moreover, to assess the applicability of the developed sensor in mixed aqueous-organic solutions, the experiments were conducted with varying concentrations of ethanol. The sensor's response was not affected by ethanol up to a concentration of 25% (v/v).
The sensors also functioned well in the presence of a cationic surfactant, cetyltrimethylammoniun bromide, when present in a concentration ≤ 5 × 10 -4 mol l -1 .
Applications
The developed membrane sensor I was successfully applied to a determination of the calcium concentration in pharmaceutical formulations, samples of human plasma and some baby-food products (Nestle Cerelac products containing different additives, such as wheat, rice, fruits and vegetables, alone or with each other and Nido powdered formula milk). The obtained results, (Table 3) compared well, and were in good agreements with those obtained from atomic-absorption spectrometric (AAS) measurements, indicating the practical utility of the proposed sensor.
The average Ca(II) concentration in four samples of human plasma obtained from healthy targets was 2.48 ± 0.07 mmol l -1 (n = 5) which is in a good agreement with the normal value of 2.5 ± 0.1 mmol l -1 Ca(II). 21 
Potentiometric titrations
Sensor I has been used as an indicator sensor in the potentiometric titration of Ca(II) with EDTA (Fig. 5) . A 25 ml aliquot of 1 × 10 -3 mol l -1 solution of Ca(II) was titrarted with a 1 × 10 -2 mol l -1 EDTA solution. The addition of an EDTA solution caused a decrease in the potential as the result of a decrease in the Ca(II) concentration due to its complexation with the added reagent. The potentiometic titration of Ca(II) was successfully carried out in the presence of Mg(II), Ba(II) and Sr(II), indicating the advantageous selectivity of the developed sensor that allowed its direct application to complex matrices containing other alkaline earth's metal ions.
Conclusion
The construction, performance characteristics, and applications of a polymeric membrane sensor with unique selectivity towards Ca(II) are reported. Sensor I is found to be the best among all castings (I -V). This senor is superior, or comparable, to those reported previously, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] with regard to the fast response time, Nernstian slope, wider dynamic concentration range, and lower detection limit (12 ppb), good reproducibility over a useful working time of 3 months, wide pH range, and excellent selectivity over a large number of other cations, especially alkali and alkaline earth's metal ions, permitting measurements under normal physiological concentrations. Sensor I can be used to determine Ca(II) by both direct potentiometry and potentiometric titration, and can be successfully used in partially non-aqueous media. Moreover, the proposed sensor was successfully used to determine Ca(II) in samples of baby-food products, pharmaceutical formulations and human plasma.
